Despite the considerable population genetic and connectivity research on the hawksbill sea turtle (Eretmochelys imbricata) and the species being critically endangered, the eastern Atlantic remains understudied. We present the first analysis of mitochondrial DNA (mtDNA) sequences (n = 28) of hawksbill juveniles in a foraging aggregation at the Cape Verde Islands. Our results showed three haplotypes nonreported in any nesting population to date, with one of them accounting for 68% of the samples. These three haplotypes were closely related to each other but highly divergent from all known Caribbean and Western Atlantic haplotypes. These findings highlight the necessity of additional research, particularly expanding the genetic analyses throughout the western coast of Africa to include unsampled areas. Furthermore, we found three haplotypes (A, B, and F; 14% of the total samples) previously detected in rookeries from the western Atlantic. The genetic data presented here carried significant conservation and research applications.
Introduction
The hawksbill sea turtle (Eretmochelys imbricata) is a circumglobal tropical species, with a typically particular diet that includes several species of marine sponges and cnidarians (Meylan, 1988; Márquez, 1990; León and Bjorndal, 2002) . Hawksbill turtles have been extensively exploited for centuries for tortoiseshell (Parsons, 1972; Groombridge and Luxmoore, 1989; Meylan, 1999) . For example, more than 10,000 Caribbean turtles/year has been harvested in recent decades (Canin, 1989) , and many nesting populations are greatly reduced or extinct as a result of this exploitation (Bowen et al., 2007a) . Consequently, the species is listed as Critically Endangered by the International Union for the Conservation of Nature and Natural Resources -IUCN (Mortimer and Donnelly, 2008) .
After hatchling, hawksbills develop in the oceanic zone for a period, followed by a later stage in the neritic zone. In general, the biology of this species has been less studied than other sea turtles; for example the age of recruitment to neritic habitats remains unknown but it occurs with smaller sizes than those of the loggerheads (Caretta caretta), suggesting that the duration of the oceanic phase in this species may be shorter (Bolten, 2003) . Although some stocks of hawksbill sea turtles from the Caribbean and western Atlantic Ocean remain under analysis, several populations have been identified in these regions: (1) Cuba; (2) Puerto Rico; (3) US Virgin Islands; (4) Antigua; (5) Barbados; (6) Venezuela; (7) Costa Rica; (8) Belize; (9) Mexico; and (10) Brazil (Fig. 1) . While it is known that at least one stock occurs around the rookeries of São Tome and Principe and Bioko Islands, the eastern border remain genetically unexplored (Fretey, 2001; Bowen et al., 2007b; Abreu and Le Roux, 2008) .
While large juvenile and adult turtles can be accurately tracked for long periods (Schofield et al., 2007) , it is currently impossible to directly track hatchlings and small juveniles for extended periods because of the size of tags. Therefore to compliment direct tracking, genetic differences based on mtDNA have been extensively used to identify the origins of migratory juveniles using mixed-stock analysis (MSA). This has been applied to hawksbills to study juvenile aggregations and foraging grounds in Australia (Broderick et al., 1994) , and the Caribbean region (Bowen et al., , 2007b Díaz-Fernández et al., 1999; Troëng et al., 2005; Blumenthal et al., 2009) . The composition of juvenile aggregations may be affected by several factors like nesting population size, oceanic currents, and the natal homing behaviour, where juveniles try to recruit to feeding areas near to their natal rookeries (Bowen et al., 2007b; Bowen and Karl, 2007; Velez-Zuazo et al., 2008; Blumenthal et al., 2009) . Among these, oceanic currents have been shown to play a substantial role in defining the genetic structure of foraging aggregations (Blumenthal et al., 2009) . Furthermore, larger nesting populations may contribute more juveniles to these aggregations (Bowen et al., 2007b) . In the eastern Atlantic, low number of hawksbills now nests in all west and central Africa each year, with the best nesting on Bioko Island (Equatorial Guinea, b7 females/year; Mortimer and Donnelly 2008) In this paper, we analysed mtDNA sequences from a hawksbill foraging aggregation of Cape Verde Islands, an archipelago located about 600 km west of Senegal where several hundreds of juveniles are found around all the year. The information derived from this analysis is intended to provide initial insights of the hawksbill genetic stocks in the eastern Atlantic and the level of transoceanic movement that may be taking place.
Material and methods
Daytime free-diving surveys were conducted in coastal areas less than 15 m deep. The in-water work was carried out by a team of 2-4 divers at Boavista Island (Cape Verde) during 2000, 2001, 2007 and 2008 . Juvenile turtles were hand captured and brought aboard to a small boat and/or taken ashore for tagging, sampling and data recording. Each captured turtle was measured (minimum curve carapace length − min CCL, following Bolten, 1999) . All turtles greater than 25 cm CCL were tagged in both front flippers using metal tags. A passive integrated transponder (Avid®) was injected into the right front flipper of all size classes. A skin sample was collected from the tip of the right rear flipper and preserved in a salt-saturated 20% DMSO or 96 % ethanol solution. Genomic DNA was isolated using the DNeasy Tissue Kit (QIAGEN®). A 760 base pair (bp) fragment of the mtDNA control region was amplified by the polymerase chain reaction (PCR) using the primers LCM15382 and H950 (Abreu-Grobois et al., 2006) . Up to 2 µl of extracted DNA (60 ng) was used in 20 µL PCR mixes containing 0.5 µM of each primer, 0.25 mM dNTPs, 0.6 U of Taq DNA polymerase (Bioline), PCR buffer 1× (Bioline), 0.2 µg/µl BSA, and 2 mM MgCl 2 (Bioline). The thermal conditions were an initial denaturation step at 94°C for 2 min; followed by 40 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min; with a final extension at 72°C for 5 min. Cycle sequencing reactions were conducted with Big Dye fluorescent dye-terminator (Applied Biosystems) according to manufactures' instructions and the fragments were analyzed on an automated sequencer (Applied Biosystems Inc. model 3100). Chromatograms were checked and aligned using Bioedit Sequence Alignment Editor v.7.0.9 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). To assure broad comparisons of our results with previous studies, our control region sequence alignment was trimmed to 384 bp of length. Haplotype designation followed that from previous publications Bowen et al., 1996 Bowen et al., , 2007b Díaz-Fernández et al., 1999; Browne et al., in press) . Deletion in haplotype D at position 59 and a 10-bp insertion at position 354 in haplotype MX1A were treated as single substitutions following Bowen et al. (2007b) . FindModel (http://www.hiv.lanl.gov) determined the best model of nucleotide substitution that fits the data. Haplotype data was obtained using DnaSP v. 5 (http://www.ub.es/dnasp/) and was used to construct Table 1 . The circles are approximately proportional to corresponding nesting population size, except for Venezuela (6) and Brazil (10). White circles show the location of Sao Tome and Principe and Bioko rookeries, genetically undescribed (?). Red circle shows the studied area in Cape Verde. Table 1 Frequencies of mitochondrial DNA control region haplotypes (∼384 bp) at Cape Verde with other published Atlantic nesting areas and foraging grounds, with sample sizes (N) and current population sizes based on nesting females/year (NF).
Population sizes were taken from Mortimer and Donnelly (2008) . * indicates the total number of samples including hybrids with loggerhead turtle haplotypes R, S, T and U. Literature references: Bowen et al., 1996; Díaz-Fernández et al., 1999; Troëng et al., 2005; Bowen et al., 2007b; Browne et al., in press) . Location haplotype network to obtain further insights into the haplotype relationships. We constructed a median-joining network linking the 28 haplotypes using Network program (http://www.fluxus-technology. com/). To simplify, we discarded the divergent Mx1a, with a 10-bp insertion, and haplotypes R, S, T and U that have been observed only in E. imbricata × C. caretta hybrids (Bowen et al., 2007b) . Default parameters were used for obtaining the median joining network tree. Haplotype frequencies, Nei's (1987) haplotype diversity (h) and nucleotide diversity (π) values of mtDNA sequences were calculated using Arlequin v.3.11 (Excoffier et al., 2005) . Genetic differentiation between the Cape Verde foraging ground and nesting populations, and western foraging grounds, was quantified using the exact test of population differentiation (Raymond and Rousset, 1995) and Phi statistics (φ ST ) (Excoffier et al., 1992) , using 10,000 permutations. All computations were carried out by the program Arlequin v.3.11 (Excoffier et al., 2005) .
Results and discussion
Minimum curve carapace length (min CCL) varied from 27 to 62.8 cm (mean = 42.25 cm; Fig. 2 ). We detected six haplotypes, including two previously unidentified: Ei-A49 and Ei-A82 (GenBank accession nos. GU138122 and GU138123; 14% and 4% of the total samples respectively). Haplotype Ei-A49 differed from haplotype EATL by a single transition at position 69, and Ei-A82 differed by a single transition from the same haplotype at position 305. The EATL haplotype was found in the vast majority of the sampled juveniles (68% of the total samples). This haplotype has been previously detected in a sample of four turtles from a market in São Tome (western Africa) and in one juvenile from the U.S. Virgin Islands feeding area (0.16% of the juvenile Caribbean stocks) (Bowen et al., 2007b) . The remaining sequences observed shared previously described haplotypes found in Caribbean and western Atlantic nesting populations -Ei A (7%), Ei B (4%), and Ei F (4%) ( Table 1) . FindModel showed that the model of nucleotide substitution that best fits the data was Tamura-Nei (Tamura and Nei, 1993) .
The median-joining network revealed that the vast majority of the Caribbean haplotypes were grouped in a major cluster, whereas the haplotype EATL and the two newly obtained haplotypes from Cape Verde constituted a highly divergent cluster (Fig. 3) .
The haplotype (h) and nucleotide (π) diversities of mtDNA sequences were 0.529 (sd 0.105) and 0.017 (sd 0.009) respectively (Table 2) . Cape Verde foraging ground showed the second lowest h value from all the Atlantic ones ( Table 2 ). The lowest value was obtained for Texas, which is mainly composed by stranded juveniles from only one rookery at Yucatan, Mexico (93% of the individuals are from this rookery). However, the sample from Cape Verde presented the highest level of π value (Table 2) , indicating the presence of individuals from highly divergent clades. 
Table 2
Sample sizes (N), number of haplotypes, haplotype (h) and nucleotide (π) diversities of Cape Verde and all studied foraging areas in the Atlantic. Standard deviation values are shown (sd). References: (Bowen et al., , 2007b Díaz-Fernández et al., 1999 As expected, the Cape Verde foraging ground showed a high degree of genetic differentiation with respect to all known nesing popultions (φ ST N 0.745, p b 0.001; exact p b 0.001). In fact, the vast majority of the individuals sampled carried an orphan and very divergent haplotype (Table 1; Fig. 3) . Furthermore, the comparison of Cape Verde Islands with other FGs revealed, in all cases, statistically significant differences (φ ST N 0.752, p b 0.001; exact p b 0.001). These results are in accordance with those found in previous studies of hawksbill foraging grounds, where it has been shown that these areas are not homogenous across regions and their composition is correlated with nesting population sizes, oceanic currents, and a relative preference for feeding close to natal areas (Bowen et al., 2007b; Bowen and Karl, 2007; Blumenthal et al., 2009) .
Our dataset did not allow us to conduct a mixed stock analysis (MSA), since more than 86% of the individuals carried unique haplotypes whose origin (i.e. nesting population) have not been identified to date. The accuracy of the MSA is known to be limited by factors including incomplete sampling of potential sources, insufficient resolution of the markers used to infer the genetic structure, and insufficient levels of differentiation (Chapman, 1996; Pella and Masuda, 2001; Bolker et al., 2003; Pella and Masuda, 2005; Bolker et al., 2007) . The finding of the haplotypes A, B and F, identified in various Caribbean and western Atlantic NPs, albeit at low frequencies, may indicate occasional transatlantic movements during developmental stages of the species as has been previously suggested (Marcovaldi and Filippini, 1991; Bellini et al., 2000; Bowen et al., 2007b; Grossman et al., 2007) . Hence, this hawksbill foraging ground appears to be composed primarily of turtles from regional nesting colonies (i.e. eastern Atlantic), with some individuals derived from rookeries in the opposite margin of the ocean basin. However, we cannot discard the possibility that all the Cape Verde juveniles belong to a single nearby rookery as in the case of Texas' aggregation.
Indeed, there are several conservation and research implications from the present study. As noted above, the conservation of Cape Verde is a priority for the species. In 2008, the Cape Verde government developed a conservation and management plan to protect sea turtles in that area (PNCTMCV; Araújo, 2008) . Our results suggest that solution to the conservation threats needs the collaboration with other countries linked to Cape Verde through migration and dispersal, as occurs with other species of sea turtle in this archipelago (Monzón-Argüello et al., 2009) . The genetic distinctiveness of this foraging aggregation highlights the necessity of its conservation since human threats are affecting an unknown number of nesting population whose size and resilience are still not known and that may already be in danger. There is a need for increased understanding of the links between the occurrence of juvenile turtle on foraging grounds and potential source rookeries (Hays, 2008) . Our inability to ascertain the origin of putative eastern Atlantic stocks in our samples highlights the fact that the incomplete haplotype baseline of contributing nesting populations in the eastern Atlantic currently hampers progress of genetic studies and, consequently, a priority for evaluation on the conservation and management issues related to foraging aggregations in this region. To enhance conservation, we recommend additional research, particularly expanding the genetic analysis throughout the west coast of Africa to include unsampled areas of a migratory and critically endangered sea turtle species. A further research direction that also promises to be fruitful would be the inclusion of oceanographic particle tracking models in attempting to predict drift scenarios and potential source populations for juveniles encountered in remote locations (Hays and Marsh, 1997) .
